The neurotoxin β-N-methylamino-L-alanine (BMAA) is naturally present in some microalgal species in the marine environment. The accumulation of BMAA has widely been observed in filter-feeding bivalves that are known to consume primary producers constituting the base of complex aquatic food webs. This study was performed to assess the occurrence of BMAA and isomers in mollusks collected from nine representative shellfish production areas located on the three French coasts (Channel, Atlantic and Mediterranean sites). The use of a highly selective and sensitive HILIC-MS/MS method, with D5DAB as internal standard, revealed the systematic detection of BMAA and DAB, in concentrations ranging from 0.20 to 6.7 μg g-1 dry weight of digestive gland tissues of mollusks. While we detected BMAA in four strains of diatoms in a previous study, here BMAA was only detected in one diatom species previously not investigated out of the 23 microalgal species examined (belonging to seven classes). The concentrations of BMAA and DAB in mussels and oysters were similar at different sampling locations and despite the high diversity of phytoplankton populations that mollusks feed on at these locations. Only small variations of BMAA and DAB levels were observed and these were not correlated to any of the phytoplankton species reported. Therefore, extensive research should be performed on both origin and metabolism of BMAA in shellfish. The levels observed in this study are similar to those found in other studies in France or elsewhere. A previous study had related such levels to a cluster of Amyotrophic Lateral Sclerosis in the South of France; hence the widespread occurrence of BMAA in shellfish from all coasts in France found in this study suggests the need for further epidemiological and toxicological studies to establish the levels that are relevant for a link between the consumption of BMAA-containing foodstuffs and neurodegenerative diseases.
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Introduction 30 BMAA (β-N-methylamino-L-alanine) is a non-proteinogenic amino acid whose mechanisms of toxicity have 31 been extensively studied (reviewed by Chiu et al. (2011) and Karamyan and Speth (2008) ) and associated with 32 neurodegenerative diseases like the particular form of Amyotrophic Lateral Sclerosis (ALS) that occurred on the 33 island of Guam in the 1950s (Whiting, 1963) . 34
To date, BMAA and isomers have been detected in many organisms encompassing microalgae, plants, mollusks Digestive gland tissues (DG, ≥ 10 g) of either oysters (Crassostrea gigas in Ronce and Parc Leucate) or mussels 105 (Mytilus galloprovincialis in Etang de Diana and M. edulis in all remaining sites) were collected once a month 106 on each site, homogenized and stored at -80 °C. It should be noted that all sampling dates were available for 107 only few sites (Le Scoré, Kervoyal, Ronce and Banc Arguin sud), while one date was missing for Pointe de St 108
Quentin, Antifer ponton pêche, Agon and Parc Leucate and only 5 samples were available from Etang de Diana. 109
In total, 97 freeze-dried aliquots, corresponding to nine sites, were screened. Only total BMAA and isomers were 110 analyzed because the free form of these non-proteinogenic amino acids was rarely detected in previous studies 111 (Al-Sammak et al., 2014; Réveillon et al., 2014) , especially in digestive gland tissue of mollusks (Réveillon et 112 al., 2015) . 113
Monitoring of phytoplankton communities (REPHY) 114
The REPHY also monitors the spatial and temporal distribution of phytoplankton populations on French coasts. 115
For quantitative analysis, sub-surface (0 -1 m) water samples collected once or twice monthly were fixed with 116
Lugol's solution and counted according to the Utermöhl method (Utermöhl, 1958) . Experts identified and 117 counted all organisms ≥ 20 µm. Smaller species were also counted if they were potentially toxic/noxious (e.g. 118
Chrysochromulina, Phaeocystis) or had a chain structure or formed a colony. Organisms were identified to theM A N U S C R I P T A C C E P T E D Non-axenic strains of microalgae representing possible food resources for mollusks were cultured in order to 126 screen them for the production of BMAA, DAB and AEG (table 1) . 127
Alexandrium minutum AM99PZ, Heterocapsa triquetra HT99PZ and Scrippsiella trochoïdea ST97PZ were 128 isolated from Bay of Morlaix, English Channel Sea, France. Prorocentrum micans PM85BV and the unidentified 129 cryptophyceae were isolated from Bay of Vilaine while Pseudo-nitzschia delicatissima was isolated from Môle 130
Saint-Anne, all from Atlantic Ocean, France. The other strains were coming from culture collections. The culture 131 media were prepared with filter-sterilized seawater (0.2 µm) at a salinity of 35. Microalgae were grown in batch 132 cultures (except H. triquetra in a 100 L bioreactor) and were harvested via centrifugation at 4000 g for 30 min at 133 4 °C. Supernatant was carefully discarded and the resulting pellet was freeze-dried, homogenized and stored at 134 room temperature until extraction of total BMAA, DAB and AEG. 135 Table 1 : Origin and conditions of culture of the microalgae species that were screened for total BMAA, DAB 136 and AEG. The culture media were prepared accordingly to Guillard (1975) for f/2 medium, Guillard and 137
Hargraves (1993) for L1 medium, Walne (1970) 
HILIC-MS/MS performance 172
A compound eluting just before BMAA was detected in all digestive gland tissue of mollusks, especially for 173 oysters extracts (Appendix). In this study, the mean values (± RSD) of 88/102 and 76/102 ion ratios used for 174 correct identification of BMAA were 13.2% (± 4.4%) and 12.1% (± 4.1%), respectively. These ratios were 175 inconsistent between oyster digestive gland samples and the BMAA standard. These discrepancies were 176 attributed to the interfering compound that only generated a product ion at m/z 119 > 102. Therefore, the ratio of 177 specific product ions (76/88) was assessed to further confirm BMAA identity. The 76/88 ion ratio of BMAA 178 standard was 92.6 ± 2.2%. For all mollusk extracts, there was a difference ≤ 10% of this ratio between samples 179 and the BMAA standard (with 93% of samples showing a difference ≤ 5%). Thus, the 76/88 ion ratio was 180 included as a criterion used to confirm the identity of BMAA, in all biological matrices. The interfering
compound could lead to an overestimation of BMAA since the mass spectral transition m/z 119 > 102 was used 182 to quantify the samples. As an alternative, the quantification with either the product ion m/z 88 or 76 was tested 183 and no difference was observed with these two ions for BMAA-calculated concentrations. Therefore, all 184 digestive gland extracts of mollusks were quantified with the mass spectral transition m/z 119 > 76, for 185 consistent comparison between oysters and mussels. As a function of this amendment, LOQs for BMAA in 186 shellfish were somewhat higher than in the originally reported method (Réveillon et In this study, the mean total recovery (± RSD) of the internal standard D 5 DAB was 62.6 (± 16%, n= 23) in 190 microalgal samples, while recoveries of 64.9 (± 15%, n=23) and 69.1% (± 12.7%, n=74) were obtained for 191 digestive gland tissues of oysters and mussels, respectively. 192
BMAA and isomers in mollusks collected within the vigilance surveillance program 193
In total, 97 aliquots of digestive gland tissues of mollusks collected in 2013 were screened for BMAA and 194 isomers. Surprisingly, BMAA and DAB were detected in all samples (both mussels and oysters), at all sampling For DAB, the decreasing order was: Leucate, 7.5 (4.3 -9.2) < Banc Arguin sud, 5.7 (2.8 -7.2) < Diana, 200 4.9 (3.2 -6.4) < Ronce, 4.8 (2.8 -6.6) < Agon, 4.3 (2.3 -7.2) < Kervoyal, 4.1 (2.0 -7.9) < Le Scoré, 3.9 (2.5 -201 7.9) < Antifer, 3.9 (1.9 -6.2) < Pointe de St Quentin, 2.5 (1.2 -4.6). 202 BMAA concentrations were generally higher in mussels, while for DAB, higher concentrations were observed in 203 oysters (means of 1.6 versus 0.68 for BMAA and 4.2 versus 6.2 µg g -1 DW for DAB). 
Phytoplankton populations database of REPHY 217
The phytoplanktonic populations at the sampling sites of REPHY varied both qualitatively and quantitatively 218 during 2013 (table 2) No < LD 2.7 < LD < LD: no peak or a peak inferior to the limit of detection (0.23 µg g -1 DW) was observed at a retention time 261 corresponding to the standard; * as Chaetoceros sp.; ** as Thalassiosira sp. or Thalassiosira + Porosira. though this production area accounts only for ca. 8% of the French production of shellfish (CNC, 2010) . 293 Samples of mussels and oysters collected monthly in 2013 as part of the vigilance program were analyzed to 294 assess the distribution of BMAA in other shellfish production areas. These samples corresponded to nine 295 geographically representative French shellfish growing areas and were analyzed for total BMAA and analogs. 296 BMAA and DAB were always detected while AEG was observed in 88% of the mollusk samples. 297
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
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Concentrations of BMAA reported in this study are very similar to the concentrations that have been reported in 298 mollusks worldwide (Table 4) , considering only highly selective methods (i.e. no fluorescence detection). 299 300 consumed Leptocylindrus, yet the most abundant genera in the water column while most of the benthic diatoms 340 consumed appeared not to be present in simultaneously taken water samples (Lauringson et al., 2014b) . This 341 selective feeding behavior (Shumway et al., 1985) strengthens the possibility that the observed phytoplankton 342 communities may not well represent the diet of mussels and oysters. In spite of their similar feeding processes 343
and capacity for particle selection (Riisgard and Larsen, 2010) , oysters appeared capable of greater trophic 344 plasticity than mussels (Dubois et al., 2007 ) which may at least partly explain some differences in BMAA and The number of recorded BMAA-producing and potentially producing species has increased over the past few 363 years. In Thau lagoon, BMAA and DAB were detected in plankton collected with nets, indicating that mussels 364 were exposed to organisms that contained both BMAA and DAB (Réveillon et al., 2015) . However, specific 365 species producing BMAA have not been identified in that ecosystem. Nevertheless, (Jiang et al., 2014a ) 366 hypothesized that BMAA production might be common among diatoms after they reported the detection of 367 BMAA in five cultures of axenic diatoms species. We therefore assessed the capacity of some microalgae 368 species, including diatoms, to contain BMAA. For this purpose, 23 microalgae belonging to seven classes were 369 screened and if we consider the species analyzed in a previous study (Réveillon et al., 2015) , a total of 38 species 370 representing potential food sources for mollusks have been evaluated for their BMAA production. BMAA was 371 only detected in 5 out of the 13 diatoms species (0.32 -0.75 µg g -1 DW) and only at trace level in microalgae in 372 this study. None of the other species, independent of their classes, contained BMAA. The systematic detection of 373 DAB and the observation of AEG in only some species (i.e. in 8 out of the 23 screened species) are in agreement 374 with previous studies, suggesting that DAB is always detected in lab-cultured microalgae (Jiang et al., 2014a; M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Réveillon et al., 2015) . Our results did not confirm the global production of BMAA by diatoms under our culture 376 conditions. It is noteworthy that we did not detect BMAA in Tisochrysis lutea CCAP 927/14 (formerly 377
Isochrysis aff. galbana) since it is frequently used in aquaculture to feed farmed bivalve mollusks (Marchetti et 378 al., 2012) . Even though we could not detect any BMAA in most of the microalgal species, further studies are 379 required to better understand the conditions allowing the production of BMAA and isomers by primary 380 producers, like the role of nitrogen (Downing et al., 2011; Scott et al., 2014) . The absence of detectable BMAA 381 in many cultured species that represent possible or important food sources for the mollusks raised questions 382 about the origin of BMAA detected in the shellfish. However, BMAA-producing species have not been clearly 383 identified yet and due to the high diversity of potential primary producers that mollusks can feed on, as well as 384 their trophic plasticity, there is a great uncertainty in determining which sources make important contributions to 385 both their diets and BMAA content. In the future, particular attention should be paid to benthic diatoms 386 belonging to microphytobenthos as they may represent a significant food source for mollusks. highlight the fact that BMAA and DAB are continuously detected in both mussels and oysters that are farmed in 394 different ecosystems along the three French coasts. Regarding these observations and the results obtained with 395 mussels of Thau lagoon (Réveillon et al., 2015) BMAA accumulation and depuration might be slow processes. 396
As non proteinogenic amino acid, BMAA exist in two forms, as a free amino acid and bound to proteins (Glover 397 et al., 2014). However, the exact nature of molecular interaction between BMAA and proteins should be 398 thoroughly studied to better understand both the mechanism of bioaccumulation and the metabolization by 399 mollusks. 400
The results of the present study, outlining the widespread occurrence of BMAA in shellfish from all French 401 mainland coasts, also contrast the hypothesis made by Masseret 
